Background: We sought to evaluate life expectancy and mortality of HIV-positive individuals initiating combination antiretroviral therapy (ART) across Canada, and to consider the potential error introduced by participant loss to follow-up (LTFU).
Background
Twenty-five years since the World Health Organization announced the Global Program on AIDS to respond to the HIV/AIDS pandemic, an HIV cure remains elusive [1] . Recent reports estimate that 35 million people live with HIV globally, and this figure continues to increase [2] . That being said, treatment options available to individuals living with HIV have significantly improved in efficacy, safety and tolerability over the last decade. There is global consensus that combination antiretroviral therapy (ART) decreases mortality and morbidity among the HIV-positive population [3] [4] [5] ; and new approaches in ART delivery, such as PI boosting and fixed-dose combinations, are thought to improve treatment outcomes [6] . The improving efficacy of ART regimens has resulted in the recognition of HIV as a chronic, manageable condition.
At the end of 2011 there were approximately 71,300 people living with HIV/AIDS in Canada [7] . Antiretroviral regimens have been available to Canadian residents eligible for treatment since the mid-1980s. Treatment provision and coverage vary across Canada, depending on the provincial and territorial programs implemented. With improvements in treatment regimen access, uptake and efficacy, the mortality and morbidity of HIV-positive persons have significantly decreased over time [8, 9] . However, despite widespread availability of more efficacious ART regimens, life expectancy (an important population health indicator) remains lower for HIV-positive individuals compared with the general population [8] . Additionally, other non-AIDS defining comorbidities are of increasing concern for HIV-positive individuals accessing ART; including malignancy, cardiovascular disease, pulmonary disease, liver disease, and renal disease [10, 11] . These comorbidities are hypothesized to occur at a higher rate among people living with HIV due to immunodeficiency [10] , inflammation [12] , a higher prevalence of behavioural risk factors [10] , viral coinfections and the toxicity of antiretroviral regimens [13] .
The effect of HIV on life expectancy in the era of ART is not well explored in the Canadian context. Similarly, the effect of baseline characteristics, such as sex and HIV transmission risk group, on life expectancy and mortality among treatment-experienced individuals has not yet been defined for our region. This analysis sought to evaluate life expectancy and mortality rates of HIV-positive individuals accessing antiretroviral regimens across three Canadian provinces, comparing outcomes in the modern treatment era by calendar year and by subgroups defined by patient characteristics at treatment initiation. In addition, we sought to consider the potential error introduced in mortality analyses due to loss to follow-up (LTFU) of cohort participants.
Methods

Data source
The Canadian Observational Cohort (CANOC) collaboration is a pan-provincial cohort of HIV-positive individuals initiating ART naively, established to evaluate patterns of treatment uptake and response, and health service provision and outcomes across Canada. CANOC consists of eight cohorts from the provinces of British Columbia, Ontario and Quebec. Each cohort site performs data extraction of demographic, laboratory and clinical variables of interest and annually submits these data to the coordinating centre in Vancouver, British Columbia. A detailed CANOC profile was published in 2011 [14] .
Ethics statement
Ethics board approval of the CANOC collaboration was granted by the Simon Fraser University Research Ethics Board (REB) and the University of British Columbia REB. Additionally, approval from local institutional review boards (IRBs) was granted at each participating cohort site, including: Providence Health Care Research Institute Office of Research Services, the Ottawa Hospital REB, University Health Network (UHN) REB, Véritas IRB, Biomedical C REB of the McGill University Heath Centre (MUHC), University of Toronto HIV REB, and Women's College Hospital REB.
Written consent for study participation has been obtained from all study cohorts except: HAART Observational Medical Evaluation and Research Cohort (IRB approves the retrospective use of anonymous administrative data without requiring consent; an information sheet is provided in lieu of a consent form); Ottawa Hospital Cohort, UHN and Maple Leaf Medical Clinic (IRB/REBs approve the anonymous use of data retrospectively extracted from clinical care databases without requiring consent); and MUHC and the Electronic Antiretroviral Therapy Cohort (IRB/REBs approve the anonymous use of data retrospectively extracted from clinical care databases without requiring consent; patients sign a general waiver on opening a medical chart at the hospital but no specific study related consent).
Inclusion criteria
CANOC includes individuals with documented HIV infection, aged at least 18 years, and currently resident in Canada. Participation is restricted to formerly ARTnaive HIV-positive individuals initiating combination ART on or after 1 January 2000. All participants had baseline CD4 cell count and viral load measurements (within six months prior to ART initiation). This analysis included individuals enrolled in CANOC from 2000-2012.
Outcomes and statistical methods
The primary outcome of interest was date of death from all-causes, used to assess mortality rates and life expectancy. Demographic and clinical characteristics of interest included sex, Aboriginal ancestry, baseline CD4 cell count and HIV transmission group (injection drug use (IDU) history vs. no IDU history).
This analysis compared life expectancy among HIVpositive individuals on ART in Canada over three calendar periods, based on year of ART initiation (2000-2003, 2004-2007 and 2008-2012) . We also considered differences in mortality rates and life expectancy in subgroups defined by patient characteristics at initiation of treatment. Crude and age-specific mortality rates were calculated. Mortality rates (per 1000 person-years) were calculated by dividing the total number of deaths by the total number of person-years of follow-up; we report these results with standard errors, calculated using Poisson distribution. Mortality rates were stratified by sex (male vs. female), Aboriginal ancestry (Aboriginal vs. non-Aboriginal), HIV transmission risk group (IDU history vs. no IDU history), and baseline CD4 count (<350 and ≥350 cells/μL). Where the data set was incomplete, analyses were restricted to cohort participants with non-missing information.
Abridged life tables were constructed from age-specific mortality rates to compare life expectancy at the age of 20 years in the three designated calendar periods under study. Life expectancy at age 20 refers to the number of remaining years a participant would be expected to live. Abridged life tables constructed for this analysis were based on widely used and standardized methods [15] . We partitioned each individual's total person-time contribution and deaths into five-year age categories to compute abridged life tables and life expectancies with corresponding standard errors [SE] . Due to the relatively small proportion of participants within older age categories, the final age category constructed within the life tables was 55 + years. Life expectancy values at the exact age of 20 years were reported for the whole cohort as well as stratified by sex, transmission group, Aboriginal ancestry and CD4 cell count at treatment initiation.
Estimation of potential error due to LTFU
For the purposes of this analysis, LTFU was defined as the last recorded known contact date being more than 18 months before the end of the study period. To correct for potential misclassification of death among persons recorded as lost to follow-up (and differences in ascertainment rates between individual cohorts/provinces), we conservatively estimated that 30 % of participants who were lost to follow-up had died. This estimate was recently used in a mortality analysis conducted within the Antiretroviral Therapy Cohort Collaboration (ART-CC) [16] , chosen to reflect the findings of a survey evaluating mortality among those lost to follow-up within the French hospital database on HIV infection (FHDH) [16, 17] . Our 30% estimate is consistent with published literature describing mortality rates among HIV-positive participants lost to follow-up in a Ugandan setting, ranging from 28-29 % [18] [19] [20] , and Canadian estimates of mortality rates among HIV-hepatitis C co-infected participants lost to follow-up, reported at 40 % [21] .
Among participants not lost to follow-up, a multivariable logistic regression model (containing demographic and clinical characteristics) was created, with death as the outcome variable. The resulting parameter estimates were then applied to those lost to follow-up, which generated estimated probabilities of death for these lost patients, of which the highest 30 % were categorized as deaths. Date of death was recorded as the last contact date for participants lost to follow-up who were assigned the outcome.
Results
Baseline characteristics of the 9997 participants within the analytic sample are presented in Table 1 . The cohort was predominantly male (82 %), with a history of IDU reported by 27 % of participants. The median baseline age was 40 (interquartile range (IQR): 33-47), with 10 % of participants reporting Aboriginal ancestry. Of the 9350 participants with available data on hepatitis C status, 26 % were hepatitis C positive. Notably, among participants with a history of IDU the prevalence of hepatitis C infection was 82 %, compared to 7 % among participants with no IDU history (p < 0.001).
Loss to follow-up
The median follow-up time within the cohort was 52 months (IQR: 24-89). Overall, 11 % of all participants were lost to follow-up during the study period. Table 2 compares the clinical and sociodemographic characteristics at treatment initiation for participants retained within the cohort and participants lost to follow-up. Participants lost to follow-up were more likely to be female, report no IDU history, report no Aboriginal ancestry and have a CD4 count <350 cells/μL at treatment initiation, as compared to participants retained in the cohort (all p <0.05). Table 3 compares the clinical and sociodemographic characteristics at treatment initiation for participants lost to follow-up who were assigned and not assigned the outcome death. Participants assigned the outcome death were more likely to report IDU history and Aboriginal ancestry, and have a CD4 count <350 cells/μL at treatment initiation (all p < 0.001). In all analyses, adjusting for mortality among cohort participants lost to follow-up decreased the estimated life expectancy and increased the estimated mortality rate, as expected. (Table 4) . After estimating 30 % mortality among participants lost to follow-up, there were 1170 deaths, with a mortality rate of 23.59 [SE 0.69] per 1000 person-years. Unadjusted and adjusted mortality rates, overall and by select characteristics, are presented in Table 4 . In both unadjusted and LTFU adjusted analyses, female sex, IDU history, Aboriginal ancestry and CD4 count of <350 cells/μL at treatment initiation were significantly associated with increased mortality.
Life expectancy
Unadjusted life expectancy at age 20 was 45.2 [SE 0.66], and 37.5 [SE 0.61] years after estimating 30 % mortality among those lost to follow-up (Table 5 ). In both unadjusted and LTFU adjusted analyses, female sex, IDU history, Aboriginal ancestry and CD4 count of <350 cells/μL at treatment initiation were significantly associated with decreased life expectancy at age 20 ( Table 5 , Fig. 1 ).
Temporal trends
Both life expectancy and mortality rates improved over time (Tables 4 and 5 , Fig. 1 ). Mortality rates decreased within more recent time periods, both before and after adjusting for mortality among participants lost to followup (Table 4) . Life expectancy at age 20 increased within more recent time periods in both the unadjusted and adjusted analyses, reaching a maximum life expectancy of 54.2 [SE 1.37] years in the period 2008-2012, after adjusting for mortality among participants lost to follow-up (Table 5 ).
Sensitivity analysis
Given that only 8.6 % (n = 861) of our analytic sample was aged 55+ years (contributing a total of 3903.8 personyears of follow-up) we were concerned that mortality rates among participants within this age category, especially at the oldest ages, may be underestimated, potentially inflating the life expectancy estimates generated. To explore this issue, we conducted a sensitivity analysis using 2006 mortality data for the general Canadian population to obtain revised life expectancy estimates [22] . We assumed that the rise in the mortality rate between participants aged 50-54 and participants aged 55+ years in our analytic sample would increase by the same ratio as that demonstrated within the general Canadian population of corresponding age categories. Based on this assumption, we extrapolated the mortality rates observed among study participants aged 50-54 to produce new mortality estimates for participants aged 55+ years. After performing this adjustment, the overall life expectancy at age 20 decreased from 45. 
Discussion
The largest of its kind conducted in Canada to date, our study contributes a number of important findings on life expectancy among HIV-positive persons in this region. Specifically, we observed that life expectancy and mortality for HIV-positive individuals accessing ART differ by sex, IDU history, Aboriginal ancestry, baseline CD4 cell count prior to ART initiation, and calendar period of ART initiation. Additionally, this manuscript employs a novel methodological approach to life expectancy analyses; questioning the validity of cohort studies that fail to account for mortality among participants lost to follow-up and those that lack sufficient follow-up data among older individuals accessing treatment.
Life expectancy within this cohort improved with more recent calendar periods. This finding has been previously reported in the literature, and likely reflects improved coverage and quality of ART regimes and HIV care [4, 5, 23, 24] . Recent reports estimate the average remaining life expectancy for Canadians at age 20 to be 59.7 and 63.9 years for men and women, respectively [25] . When compared with the findings of our study, it is clear that despite advances in the health care services and antiretroviral therapies available to people living with HIV in Canada, the life expectancy of HIV-positive Canadians remains lower than that of the general population.
Men demonstrated longer life expectancy and lower mortality rates compared to women in this cohort. This is in contrast to population-level surveillance data published by Statistics Canada, reporting increased life expectancy among women compared with men in the general population in all Canadian provinces [26] . A recent publication evaluating regional and sex specific patterns of HIV/AIDS mortality in Canada from 1987-2008 found that agespecific death rates among women in most age categories were lower than those observed among men [27] . However, this study observed that the decline in HIV-related mortality rates since the mid-1990s was much more pronounced among men than women. North American publications evaluating mortality in HIV-positive cohorts accessing ART have demonstrated comparable sex-related differences to those shown in our study [9, 28, 29] . However, mortality analyses conducted in European and trans-continental settings have observed contrasting sex differences among HIV-positive cohorts, depicting a longer life expectancy among women than men [8, 30, 31] . Other studies have found no sex-related differences [32] .
These inconsistencies may be due to inherent differences in cohort demographics, treatment access and healthcare utilization. A recent publication commented on the validity of cross-cohort comparisons of mortality rates, suggesting that cohort characteristics in different settings can significantly alter HIV outcomes, including mortality [16] . In recent years, Canadian studies have reported disparities in retention within key stages of the HIV treatment cascade, including access and adherence to treatment and achievement of viral suppression, according to region of care [33] , sex and IDU history [33, 34] . In these studies, women and individuals with a history of IDU demonstrated decreased retention within the HIV treatment cascade in Canada [33, 34] . In CANOC, a disproportionate number of HIVpositive individuals reporting IDU history are women, which reflects the composition of the Canadian HIV epidemic, especially in British Columbia.
Individuals with a history of IDU demonstrated poor mortality and life expectancy outcomes in this analysis. This finding has been consistently reported in the published literature [8, 9, 23, 29, 35] . Previous studies have shown that the increased mortality rates among persons with IDU history primarily reflect higher rates of all-cause mortality, rather than HIV-related mortality [35, 36] . Indeed this demographic group experiences a high prevalence of comorbidities, augmented by potential active drug use, socioeconomic disadvantage and poor access to health care services [36] . In our study cohort, a significantly higher prevalence of hepatitis C infection was identified among participants with a history of IDU compared to individuals with no IDU history. Infection with hepatitis C is an important contributor to mortality and morbidity among people living with HIV, primarily due to an increased risk of liver disease [37, 38] . A recent Canadian cohort study reported notably higher mortality rates among individuals co-infected with HIV and hepatitis C compared to previously published mortality rates among monoinfected HIV-positive individuals [39] .
CD4 cell count at treatment initiation was another significant predictor of mortality and life expectancy in our cohort. Participants with CD4 cell counts <350 cells/μL at treatment initiation demonstrated increased mortality rates and decreased life expectancy. This finding is consistent with previous mortality studies [8, 9] , and reinforces the long-term health benefits of ART initiation earlier in the course of HIV infection. Earlier ART initiation is supported by the 2014 International Antiviral Society-USA guidelines, recommending the initiation of antiretroviral therapy regardless of CD4 cell count for most patients [40] .
In our analysis, we found Aboriginal ancestry to be predictive of decreased life expectancy. This is consistent with a Canadian retrospective cohort study published in 2011, which reported that individuals of Aboriginal descent receiving ART demonstrate increased all-cause and HIVrelated mortality rates compared with non-Aboriginal people living with HIV in Canada [35] . This observation may be due to competing life circumstances and socialstructural factors that influence access and adherence to ART among Aboriginal persons [35] . A report by Statistics Canada similarly identified this difference in life expectancy between Canadians of Aboriginal ancestry and the non-Aboriginal population [41] . This observation is concerning, and initiatives to improve treatment outcomes of Aboriginal Canadians should be made a priority. To note, this finding may be influenced by underlying characteristics of our cohort, as a disproportionate number of HIV-positive individuals reporting IDU history in CANOC also report Aboriginal ancestry.
Large-scale longitudinal cohort studies often face a significant limitation in the form of incomplete data due to participant LTFU. LTFU affects most cohort studies and can result in bias, affecting study validity [42] . In conducting this study we sought to account for the impact of LTFU on life expectancy estimates to reduce potential bias and improve the validity of our findings.
After conservatively estimating 30 % mortality among participants lost to follow-up, unsurprisingly we observed that mortality rates increased and life expectancy estimates decreased. This suggests that failure to account for participant lost to follow-up in mortality analyses results in the potential for significant underestimation of mortality rates and overestimation of life expectancy data, affecting data validity.
Limitations
Several limitations of this study should be acknowledged. CANOC includes data from only three Canadian provinces, and participants included are already linked to specific health care facilities, therefore the analytic sample is not be fully representative of the overall HIV-positive population across Canada, including those most at risk of adverse clinical outcomes. Data from British Columbia include all CANOC-eligible HIV-positive individuals in the province accessing ART, whereas data from Ontario and Quebec are collected from a selection of clinics, which may introduce a clinic-selection bias. This study considers the Canadian HIV-positive population, therefore observations described may not be generalizable to other global settings.
We conducted an adjusted analysis to account for misclassification of mortality among participants lost to follow-up, conservatively estimating the death of 30 % of those lost to follow-up. As published data concerning mortality among participants lost to follow-up in Canadian cohorts are limited, this estimate was based on previous European [17] and Ugandan studies among HIVpositive cohorts [18] [19] [20] and findings from a Canadian cohort of HIV-hepatitis C co-infected individuals [21] . Therefore, this estimate may not be entirely generalisable to all HIV-positive individuals in Canada. Further studies may seek to evaluate how accurate our assumption was regarding mortality among HIV-positive participants lost to follow-up in this setting. Differences in mortailty ascertainment by site also exist, and thus our estimation of mortality may be more problemetic at sites that do not link to vital statistics registries.
Another potential limitation of this study was that we did not allow for censoring in LTFU data. This is particularly relevant for those who initiated ART in the most recent time period; in some cases not enough time had passed to be declared lost to follow-up given the 18-month definition. Unfortunately, data describing causes of death are not currently collected across participating cohorts in the CANOC collaboration; as such we were unable to present the distribution of causes of death within this manuscript.
Given that only a small proportion of our analytic sample was aged ≥55 years, we conducted a sensitivity analysis based on mortality rates within the general Canadian population to explore whether possible underestimation of mortality rates among participants within this age category affected the life expectancy values generated. The results suggested that our life expectancy estimates may be overestimated due to imprecise representation of mortality rates within older age categories. As the Canadian population living with HIV ages, the reliability of results generated by life expectancy analyses such as this will continue to improve.
Conclusion
In conclusion, this study found that while both mortality rates and life expectancy for HIV-positive Canadians accessing ART are improving over time, they remain below that of the general Canadian population. Life expectancy and mortality are influenced by baseline characteristics at treatment initiation, including Aboriginal ancestry, sex, CD4 cell count and IDU history. These findings suggest the need for targeted interventions for patient subgroups at increased risk of adverse outcomes. Future studies examining patterns of life expectancy and mortality among HIV-positive populations should take into account mortality among participants lost to follow-up to ensure validity of estimates.
Additional file
Additional file 1: Life expectancy estimates at age 20 years, showing unadjusted values, estimates adjusted for mortality among participants lost to follow-up, and estimates adjusted to account for low proportion of participants aged ≥55 years, based on 2006 Canadian mortality data (n = 9997).
